Dark Forces at the Tevatron 
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A simple explanation of the W+dijet excess recently reported by the CDF collaboration involves 
the introduction of a new gauge boson with sizable couplings to quarks, but with no or highly 
suppressed couplings to leptons. Anomaly-free theories which include such a leptophobic gauge 
boson must also include additional particle content, which may include a stable and otherwise 
viable candidate for dark matter. Based on the couplings and mass of the Z' required to generate 
the CDF excess, we predict such a dark matter candidate to possess an elastic scattering cross 
section with nucleons on the order of a ~ 10"*" cm^ , providing a natural explanation for the signals 
reported by the CoGeNT and DAMA/LIBRA collaborations. In this light, CDF may be observing 
the gauge boson responsible for the force which mediates the interactions between the dark and 
visible matter of our universe. 
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Very recently, the CDF collaboration announced the 
observation of an excess of events which include a lep- 
ton (electron or muon), missing transverse energy, and 
two jets. Within the context of the standard model, such 
events can arise from the production of a (which de- 
cays to a lepton and neutrino) along with an additional Z 
or (which decays to a quark and an anti-quark, pro- 
ducing two jets). When the distribution of such events is 
plotted as a function of the invariant mass of the two jets, 
a sizable excess appears between 120 and 160 GeV. The 
significance of this excess (which is based on 4.3 fb^^ of 
data) has been quoted as 3.2(7, including all known sys- 
tematic uncertainties ll| (for more details pertaining to 
this analysis, see Ref. Q)- 

Over the past several days, a number of possible expla- 
nations for the observed excess have been proposed ^ 
[isj . Most of these possibilities can be divided into two 
categories. First, one could consider a scenario in which 
a new uncolored boson with a mass of 140-150 GeV is 
introduced, with couplings to light (and possibly other) 
quarks, but with little or no couplings to leptons — a lep- 
tophobic Z', for example Second, there are models 
which make use of multiple new states. In these expla- 
nations of the CDF IF^+dijets anomaly, a particle is pro- 
duced on resonance, which then decays to a along 
with a second new state with a mass of 140 to 150 GeV. 
Such a scenario can be realized, for example, within the 
context of technicolor or R-parity violating super- 
symmetric models p4| . 

In this letter, we focus on the simplest of these possi- 
bihties - a 140-150 GeV leptophobic Z'. A Z' with sup- 
pressed couplings to leptons can appear in phenomeno- 
logically viable and well motivated extensions of the stan- 
dard model. In particular, such a particle appears in 
models in which baryon number, instead of being a mere 
accidental global symmetry, is promoted to a local gauge 
symmetry [1Jt3- In this case, the new vector boson 



couples to all standard model quarks with equal strength, 
but does not couple to leptons. In addition to providing 
a leptophobic Z' as required by the CDF anomaly, this 
has the added benefit of suppressing proton decay [T^. 
Other models which introduce a leptophobic Z' rely on 
the kinetic mixing of two different [/(l)'s to suppress the 
couplings to leptons. In this case, the Z' bosons may have 
different couplings to up- type and down-type quarks, and 
even to quarks of different families [16l - [l8j (an attractive 
feature within the context of multi-6 excesses at the Teva- 
tron Q). Realizations of such a scenario can be found, 
for example, within the context of the J7(l),, model of Eg 
grand unification [13] ■ 

Any model containing new gauge bosons must also in- 
clude new fermions (known as exotics) to cancel the cor- 
responding anomalies (unless the couplings are propor- 
tional to those of the standard model gauge bosons). 
If baryon number and lepton number are each pro- 
moted to local gauge symmetries, the anomalies asso- 
ciated with U{1)b and U{1)l can each be cancelled by 
the introduction of one additional generation of fermions 
among which the new quarks (leptons) carry baryon 
number (lepton number) of magnitude 1 (3) (although 
the anomalies could instead be cancelled by three new 
generations with baryon and lepton number of 1/3 and 
1, this leads to unacceptable flavor changing neutral cur- 
rents and to tension with electroweak precision measure- 
ments) [11, [H. To avoid one or more of the exotic 
fermions being a cosmologically problematic heavy, sta- 
ble and colored state, additional (non-fermionic) particle 
content must be added to mediate their decays. Such a 
particle must carry non-zero baryon number, and may be 
non-colored and electrically neutral. By virtue of baryon 
number conservation, such a state can be stable and a 
viable candidate for dark matter [TJ]- In this letter, we 
explore the possible connection between the recent CDF 
anomaly and the dark matter of our universe, and discuss 
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the associated phenomenology. 

The precise coupling of this potential dark matter can- 
didate (which we will from this point on denote as X) 
to the leptophobic Z' is determined by its baryon num- 
ber charge. While this is a somewhat model dependent 
quantity, one generally expect its baryon charge to be of 
order unity and thus the Z' to couple to it and standard 
model quarks with similar strengths. In the model of 
Refs. [13, EBl; which we will discuss in more detail later, 
X carries baryon number of 2/3, and thus couples to the 
Z' with twice the strength of standard model quarks. 

The couplings of the Z' to quarks and the dark mat- 
ter candidate, X, can lead to a potentially sizable spin- 
independent elastic scattering cross section between dark 
matter and nuclei. In particular, any real scalar or Dirac 
fermion dark matter particle interacting through a vector 
gauge boson will possess a cross section with nuclei given 
by: 
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where A and Z are the atomic mass and atomic number 
of the target nucleus and /p,„ are the effective couplings 
to protons and neutrons: 
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Here, we have used gxxz' and gqqZ' to denote the effec- 
tive coupling strengths of the respective vertices. In the 
case in which the Z' couples to baryon number, we can 
write these as gqqZ' = gs/S and gxxz' ^ Qsgs, where 
is the baryon number of the dark matter candidate 
and is the gauge coupling of the leptophobic Z'. 

Numerically, this leads to a spin- independent cross sec- 
tion with nucleons given by: 
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Here, we have scaled to values of mz' and gs which ap- 
proximately lead to the observed properties of the CDF 
VF-l-dijet excess [1]. For dark matter masses greater 
than ~ 10 GeV, a cross section of this magnitude is in 
considerable conflict with constraints from CDMS po| . 
XENONIOO [21*1, and other direct detection experiments 
(by more than three orders of magnitude for mx = 100 
GeV, for example). For a lighter dark matter mass 
{nix ~ 5 — 10 GeV), however, the constraints from direct 
detection experiments are much weaker [22] (for a critical 
discussion, see Ref. 23]). Furthermore, the CoGeNT [23 ] 
and DAMA/LIBRA [25] collaborations report the obser- 
vation of events which, although not attributable to any 
known backgrounds, could be explained by the elastic 
scattering of a dark matter particle with a mass of 5 to 



10 GeV and a spin-independent cross section on the order 
of 10-40 cm2 [26]. 

This has led us to the intriguing and suggestive result 
which we consider to be the main point of this letter: 
models which include a leptophobic gauge boson capable 
of accounting for the VF-|-dijet excess recently reported 
by CDF must also invariably include additional matter, 
some of which is expected to couple to the Z' with a 
similar strength as the Z' couples to quarks. A stable 
and otherwise viable dark matter candidate can natu- 
rally appear among these states, and will likely possess 
an elastic scattering cross section with nuclei which is 
compatible with the signals reported by CoGeNT and 
DAMA/LIBRA. 

Turning our attention now to the annihilation of dark 
matter particles, we find that we are unable to rely only 
on the exchange of the Z' possibly observed by CDF. 
In particular, if the dark matter, X, is a Dirac fermion, 
then the s-channel exchange of the Z' will lead to an 
annihilation cross section given by: 
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which is well below the value of av « 3 x 10~^^ cia^/s 
that is required to avoid the overproduction of dark mat- 
ter in the early universe. If X is a scalar, the exchange of 
a vector Z' is velocity suppressed, making it even less ef- 
fective at diluting the thermal abundance of dark matter. 
Annihilations through the standard model Higgs boson 
are also too small to provide an acceptable relic abun- 
dance [l5| . 

Other annihilation channels, however, could poten- 
tially be more efficient and lead to an acceptable thermal 
abundance of dark matter. Although such annihilation 
channels are quite model dependent, we will illustrate 
one example that appears in an existing model. 

In particular, we consider a model with a single ad- 
ditional generation (e^, I'j^, Q'j^, u'j^, d^, i^^) with oppo- 
site chirality to the standard model fermions, and with 
baryon and lepton charges of 1 and 3, respectively (see 
model 2 of Refs. [l3, [IB]). In addition to an extended 
Higgs sector to break the baryon and lepton gauge sym- 
metries, this model contains a scalar Sl which is added 
to avoid lepton flavor violation, and a scalar X which al- 
lows the heavy quarks to decay. X, which is electrically 
neutral, not colored, and carries baryon number 2/3, is 
the dark matter candidate in this model. 

In this model, a pair of dark matter particles, X, can 
interact with two leptons according to: 
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where 

(6) 

Here, Xxsli X^^ couplings which appear in 

-C D XxS,X^XSlSLMXe.eR,rSle'L + XlIjiSLlL,r+h.C.). 

(7) 

In order to evade constraints from (g^ — 2) and the 
branching fraction fi ^ e^^ we require that the above 
couphngs to electrons and muons (Aei, Aea, A;^, Ajj) be 
suppressed. For this reason, we will rely primarily on 
annihilations to taus (this will also enable us to evade 
constraints from LEP II, as described in Ref. p^). 
The loop factor is given by 

Co(Mx,Ms,,Af,0= / dx f dyxix,yr\ (8) 

Jo JQ 

where 

Xix,y) = -AMlv{l-x)+Ml^v+Ml,{x~y)+Ml^{\~x). 

(9) 

For masses of Mx = 7 GeV, Ms^ = 100 GeV, and 
M^, = 200 GeV one gets Cq ~ 2.8 x 10"^ Taking 
Ax5i. , A/3 , Ae3 ~ 1 one gets Gxe^ ~ 7.2 x lO'^ GeV'^ 
This interaction leads to a contribution to the dark mat- 
ter's annihilation cross section given by: 

1 ^ 

1=1 

which is consistent to the value required of a thermal 
relic. Although the annihilation channels which may be 
available to a dark matter candidate in a model contain- 
ing a leptophobic Z' are somewhat model dependent, this 
example illustrates that sufficiently efficient channels can 
naturally appear in such models. 

Annihilation processes such as that described above 
not only enable the dark matter to be efficiently annihi- 
lated in the early universe, but can also provide poten- 
tially observable fluxes of dark matter annihilation prod- 
ucts. In the example described above, the dark matter 
will annihilate in large part to charged leptons. Although 
one might naively expect dark matter to have large anni- 
hilation cross sections to baryons in models with a lepto- 
phobic Z', this is not the case (barring gauge couplings 
much larger than those required to generate the CDF 
M^-|-dijets anomaly). As demonstrated above, however, 
in leptophobic Z' models in which baryon and/or lep- 
ton charges are gauged, it is natural for dark matter to 
annihilate primarily to leptons. 

This feature is particularly attractive within the con- 
text of observations of the Galactic Center by the Fermi 
Gamma Ray Space Telescope, which are consistent with 
being the product of dark matter annihilations which 



proceed primarily to r"'"r~, among other leptonic final 
states [2^. Similarly, 5-10 GeV dark matter particles 
which annihilate primarily to leptons are predicted to 
generate synchrotron emission from the Inner Milky Way 
consistent with that observed by WMAP ^2^ i30|] . 

In the near future, a number of experiments will pro- 
vide ways to test aspects of the scenario described in 
this letter. First of all, if a Z' is responsible for the 
CDF anomaly, signals should also appear (although likely 
with lesser statistical significance) in channels including 
{Z ^ 1+1-) + [Z' ^ jj), {Z ^ v9) + {Z' ^ jj), and 
7 + {Z' a). Furthermore, the invisible decays of 
the Z' to dark matter will also lead to events of the 
type {Z 1+1-) + {Z' XX). The rate of such 
events will be suppressed by the branching fraction of 
the Z' to dark matter, however, which we estimate to 
be 1.6% X (Qb/0.33)^ if the dark matter is a scalar and 
6.3% X ((5s/0.33)^ if it is a Dirac fermion. Additionally, 
if the events reported by CoGeNT are the result of an 
elastically scattering dark matter particle, their existing 
15 months of data should be sufficient to identify (or rule 
out) a statistically significant annual modulation p6l.[3l|. 

In summary, we have considered in this letter a lepto- 
phobic Z' as an explanation of the Vl^-|-dijets excess re- 
ported by CDF, and discussed the possible connection of 
this particle to the dark matter of our universe. In partic- 
ular, the introduction of a Z' with couplings to standard 
model quarks (but not leptons) must be accompanied by 
new matter which assists in the cancellation of anomalies. 
Among these new states may naturally appear a candi- 
date for dark matter (for a well-defined example of such 
a model, see Refs. [ii,[il). If the couplings of the Z' to 
dark matter are similar to its couplings to quarks, one 
predicts an elastic scattering cross section between dark 
matter and nucleons on the order of ct ~ lO""'" cm^, 
providing a explanation for the signals reported by the 
CoGeNT and DAMA/LIBRA coUaborations. Ahhough 
annihilations of dark matter through the exchange of the 
Z' in this scenario does not yield a cross section large 
enough to provide an acceptable thermal relic abundance, 
other annihilation channels can potentially be much more 
efficient. While the details of this process are model de- 
pendent, we have described an example of a viable anni- 
hilation process which appears within the context of the 
models described in Ref. [l3, [13 ■ In this particular case, 
we find that dark matter annihilates primarily to tau lep- 
tons, and thus could account for the gamma ray signal 
observed from the Inner Galaxy by the Fermi Gamma 
Ray Space Telescope. 
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